We used the polymerase chain reaction and nucleotide sequencing to study mitochondrial DNA (mtDNA) genetic variability of brown bears (Ursus arctos) belonging to some western European populations. Demographic decline and isolation have apparently shaped genetic variability within and between populations. Small relict hear populations were apparently monomorphic and fixed for different mtDNA haplotypes. Genetic relationships among mtDNA haplotypes suggested the existence of a phylogeographic structure. We discuss the possible roles of historical and demographic factors in determining the observed genetic patterns. The low genetically effective size of the studied brown bear populations points to risks of continuing future loss of gene diversity and increase in inbreeding. Artificial gene flow through restocking could alleviate inbreeding depression in small isolated brown bear populations, and mtDNA phylogeographic relationships may provide a framework for their genetic management.
Introduction
The decline of most western European brown bear (Ursus arctos L.) populations was an ancient and persistent process (Curry-Lindahl, 1972) . In Great Britain the brown bear was probably already extinct in the 10th century. Since then, the formerly continuous continental population has been decimated, particularly during the last three to four centuries, as a consequence of habitat destruction and direct human persecution (Sorensen, 1990) . Brown bears survive in approximately 13 isolated populations ( Fig. 1) , some of which are highly endangered and at immediate risk of extinction (Servheen, 1990) .
In Spain two isolated populations survive in the Cantabrian Mountains (Del Campo et at., 1990) , and in the Pyrenees along the French border (Camarra & Parde, 1990) . The French brown bear population is probably reduced to only nine to 13 animals (Taberlet Fig. 1 Distributions of western European brown bear populations (redrawn after Servheen, 1990) . Samples for this study were collected from the following localities: Abruzzo National Park, Italy (ABRUZZO); AdamelloBrenta Provincial Park, Italy (TRENTINO); Gorski Kotar region, Croatia (CROATIA).
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counteracted only through careful restocking. Artificial immigration of bears belonging to other populations could increase the mating chances of residents, introduce genetic variability into the populations, and alleviate the effects of inbreeding depression (Allendorf & Servheen, 1986) .
A strategy aiming to conserve and manage the western European relict bear populations requires, inter a/ia, detailed knowledge of their genetic structures.
The brown bear's long-lasting history of demographic decline, fragmentation and isolation will have probably affected the genetic structure of the surviving populations. Measuring genetic diversity within populations allows indirect estimates of the effective population size (Avise et at., 1984) and of the expected increase in inbreeding per generation (Wright, 1931) , which could expose the population to risks of inbreeding depression (Lacy, 1992) . Reconstructing the phylogeographic relationships among populations (Avise et al., 1987) , could allow the identification of distinct microevolutionary lineages, which constitute the background for a sound conservation strategy based on restocking of the endangered isolates (Avise, 11989) .
Mitochondrial DNA (mtDNA) sequence variability has been successfully used to study intraspecific population genetics (Avise et at., 1987) . Vertebrate mtDNA accumulates point mutations at an average rate 5-10 times higher than nuclear sequences; it is maternally inherited; and it does not recombine (Brown, 1985) .
Therefore, the analysis of mtDNA can supply information on the extent of genetic divergence among populations which have been submitted to recent bottlenecks, fragmentation and isolation (Avise etal., 1987) .
We have studied mtDNA sequence variation in brown bear samples belonging to the two Italian populations: the central Apennines population, living in the Abruzzo National Park and surrounding mountains, and the Alpine population, living in the Adamello-Brenta Provincial Park (Fig. 1) . Italian specimens were compared with brown bears sampled in Croatia (Gorski Kotar region). We have, moreover, sequenced mtDNA samples from captive bears of uncertain origins. DNA was extracted from blood and tissues, as well as from single hair roots and excrement collected in the field. Portions of the mtDNA cytochrome b gene and of the control region (D-loop) have been amplified using the polymerase chain reaction (PCR; Saiki et al., 1988) , and then directly sequenced. The results of this study describe the effects of demographic histories on genetic variability of brown bear populations, indicate the existence of phylogeographic relationships among populations, and provide a basis for their genetic management.
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Materials and methods
The brown bear samples studied are listed in Table 1 Total DNA was obtained from blood or tissues using standard proteinase K-SDS digestion and phenol! chloroform/isoamyl alcohol extractions (Hillis et al., 1990) ; from hair roots using Chelex (Bio-Rad) resin (Walsh et al., 1991) ; and from excrement following Hoss et al. (1992) . DNA was resuspended, and aliquots containing less than 0.1 g were used for each doublestrand PCR amplification with the following primer pairs.
1 L14841 and H15 140 (Kocher et al., 1989) were used to amplify a 307-bp fragment of the mtDNA cytochrome b gene (cyt-b).
2 The two primers listed by Hoss et a!. (1992) , and based on sequences published by Shields & Kocher (1991) , were used to amplify a 88-hp fragment of the mtDNA control region (the D-loop).
These primers were chosen to obtain sequences comparable with other already published bear sequences (Shields & Kocher, 1991; Taberlet & Bouvet, 1992; Hoss etal., 1992) . Furthermore, primers L15774 and H16498 (Kocher et a!., 1989) were used to amplify a 300-bp fragment spanning a portion of the mtDNA control region in the 10 brown bears from Abruzzo, in order to gain more information on withinpopulation genetic variability.
We used two three-temperature cycle programmes in a Perkin Elmer Cetus P9600 machine: Double-strand DNA fragments were purified in lowmelting 2-3 per cent agarose (NuSieve, FMC) minigels, followed by phenol/chloroform/isoamyl alcohol extractions, and acetate/ethanol precipitation. DNA was sequenced using a Delta Taq cycle-sequencing kit (USB). Sequences were aligned by eye and analysed using the computer programs MEGA (Kumar et al., 1993) and PHYLIP (Felsenstein, 1989) . Pairwise differences among mtDNA haplotypes are shown in Table 4 (cyt-b) and Table 5 (D-loop). Most mutations in the cyt-b sequences are transitions (Ts; purine/purine and pyrimidine/pyrimidine substitutions) at synonymous sites. Therefore, the predicted number of amino acid replacements is very low. Many transversions (Tv; purine/pyrimidine substitutions) are involved in comparisons between brown and American black bear (U americanus) haplotypes (Table 4 ). The average Tr/Tv ratio is 7:1. There are no Tv differences among the D-loop sequences (Table 5) . Estimated percentage sequence divergences (Kimura, 1980) are higher among the D-loop than among cyt-b haplotypes. The average percentage sequence divergence among brown bear cyt-b haplotypes is 2.8, while it is 10.7, four times higher, among the D-loop haplotypes.
Phylogenetic relationships among the different cyt-b haplotypes are shown in Fig. 2 . The tree is the UPGMA tree computed by the program MEGA (Kumar et at., 1993 ) using Kimura's distance matrix (Table 4) . The tree has been rooted using the American black bear as an outgroup. The North American brown bears split into two lineages: the first included Kodiak and captive bears, the second linked grizzly and polar bears (U maritimus) and, clearly separated, the European brown bear haplotypes. The Pyrenean brown bear's mtDNA haplotype is related to the lineage including bears from the Apennines, the Alps and Croatia. The polar bear mtDNA sequences appear to be strictly related to the grizzly mtDNA. We have obtained the same groupings using different estimates of nucleotide divergence (i.e. percentage of nucleotide substitutions, Jukes-Cantor distance), and different tree-building methods (i.e. neighbour-joining, maximum parsimony with branchand-bound and heuristic searches; Kumar et at., 1993) .
Notwithstanding the relatively short sequences examined, the groupings obtained with UPGMA and neighbour-joining procedures appear to be quite stable after 1000 bootstrap replicates, with the possible exception of the position of CAPTIVE-4 which was weakly linked to the grizzly-polar bear and Alpine brown bear lineages (Fig. 2) .
The phylogenetic relationships among the D-loop haplotypes are shown in Fig. 3 (UPGMA tree clustering using Kimura's distance matrix; Table 5 ). The clusters obtained using cyt-b are confirmed with D-loop sequences, but the greater genetic variability of the Dloop reveals more details of the within-cluster relationships. Captive bears of unknown origins, except CAPTIVE-4, group with the Kodiak. Within the European brown bear lineage, the bear from Romania is the most divergent from the variant Croatian haplotype (CROATIA-4), from CAPTJVE-4, and from the Alpine bears, which are closely linked to the most frequent Croatian haplotype. The neighbour-joining procedure produced slightly different relationships within the Alpine-Apennine brown bear cluster, mainly due to the weak linking of CAPTIVE-4 with the other mtDNA haplotypes (Fig. 4) . Phylogenetic relationships between species confirm the closeness of polar and grizzly bears (Cronin et al., 1991; Shields & Kocher, 1991) . Sequence divergence between polar and grizzly bears is lower than divergence among some of the brown bear haplotypes (Fig. 3) . We have obtained similar relationships among brown bear mtDNA haplotypes using the parsimony programs DNAPARS and DNABOOT in PHYLIP (trees not shown).
Discussion
The analysis of 395-bp mtDNA sequences in western European and North American brown bears indicates two main points: (i) small relict bear populations are apparently monomorphic and fixed for different mtDNA haplotypes; and (ii) the relationships among haplotypes are not random, but show a phylogeographic structure.
The 10 Apennine brown bears we have studied share the same mtDNA sequence, which differs at one nucleotide position from the closely related sequence we have found in the Alpine and in three of the four Croatian bears. We sequenced 300 bp more in the Apennine samples using primers Li 5774 and Hi6498 (Kocher et at., 1989) , without finding any nucleotide substitution. Therefore, the 10 Apennine brown bears were monomorphic at a 695 bp sequence of their mtDNA.
Recent results by Taberlet & Bouvet (1994) indicate that brown bears from the Pyrenees, Sweden and Lapland are monomorphic within populations, after Table I . Our sequences are compared with homologous sequences of a brown bear from the Pyrenees (PYRENEES; Taberlet & Bouvet, 1992) and Alaskan brown bears (GRIZZLY), polar bears (POLAR), and American black bear (BLACK), as published by Shields & Kocher (1991) . the sequencing of 269 bp of the mtDNA control region.
Mitochondrial DNA is a haploid, maternallyinherited molecule, with an effective population size (Ne) four times lower than for nuclear genes (Wilson et al., 1985) . MtDNA is, therefore, sensitive to demographic processes, such as population fragmentation, isolation and bottlenecks. Avise et al. (1984) maintained that an isolated stable population will probably retain a single mtDNA haplotype after 4Nef (Nef=female N) generations. Harris & Allendorf (1989) estimated that in grizzly bears Ne is about 0.2-0.3 N0 (the observed population size). Apennine brown bear populations actually number, at best, 100 bears (N0), which means Ne = 20-30. Given a sex ratio of 1:1 (Harris &Allendorf, 1989) , Ne= 10-15. Therefore, 4NCf = 40-60 generations. The estimated generation time is about 10 years in brown bears (Harris & Allendorf, 1989) , which means that in 400-600 years of isolation a population of N0 = 100 has a high probability of comprising a single mtDNA haplotype due to random drift alone. Historical information indicates Table 2 .
ROMANIA is a brown bear from Romania (Hoss et al., 1992) . > w that the Apennine population has been isolated from the Alpine brown bears for about 400 years (Febbo & Pellegrini, 1990 ), a consequence of habitat transformation and direct human persecution which caused the progressive eradication of the species from northern Italy. The observed mtDNA monomorphism is, therefore, the plausible result of random drift and stochastic extinction of maternal lineages since the isolation of the Apennine population. During the past centuries, the Apennine population must have been larger than the actual 100 animals, but this positive effect on Ne may have been offset by the persistent demographic declin- Table 4 Pairwise differences among cyt-b haplotypes (Table  2 ing trend (Boscagli, 1991) . The expected rate of loss of mtDNA variation in declining populations is highly accelerated (Avise etal., 1984) .
Similar microevolutionary dynamics may have affected mtDNA sequence variability in most of the actual relict western European brown bear populations. Interestingly, four bears from the Gorski Kotar region (Croatia) revealed the presence of two mtDNA haplotypes, differing at two nucleotide positions (Table   3 ). The Balkan brown bear population is large and stable enough to harbour consistent levels of genetic variability, and analysing more samples will, it is predicted, reveal the existence of more mtDNA haplotypes. A study of mtDNA restriction fragment length polymorphism of North American brown bear (grizzly and Kodiak) mtDNA revealed the existence of five haplotypes, randomly distributed in the sampled area (Cronin etal., 1991) .
The Alpine brown bear population shares its mtDNA with Croatian bears. The Alpine population (Province of Trento) has probably been isolated from the eastern main bear population for about a century (Castelli, 1935) . The long-lasting process of eradication of local Alpine populations (Couturier, 1954) has apparently resulted in the progressive elimination of all but one of the existing mtDNA haplotypes.
If stochastic extinction of maternal lineages could be the cause of mtDNA monomorphism in the surviving western European bear populations, nonstochastic factors, in contrast, are required to explain the observed phylogeographic relationships among populations. The phylogenetic trees we have obtained are concordant with the data presented by Taberlet & Bouvet (1994) in showing nonrandom relationships among the (Taberlet & Bouvet, 1994 Croatia-4
Captive-4 Fig. 4 Relationships within the western European brown bear mtDNA haplotypes obtained from the neighbour-joining procedure (Kumar eta!., 1993) , and mtDNA D-loop sequence divergence (Table 3) .
Additional information on the evolutionary history of European brown bear populations will be gained when more samples are studied, and when nuclear hypervariable sequences (i.e. microsatellites) are analysed. Nevertheless, the available DNA sequence data allow inferences which are useful in the establishment of sound plans for the conservation of western European small bear populations. The effective population size Ne could be much smaller than N0 in brown bear (as well as in most vertebrate species). It is, therefore, possible that all the western European brown bear populations will not simply continue to lose genetic variability by random drift in future generations, but in addition could be prone to inbreeding depression (Lacy, 1992 ).
Furthermore, the described phylogeographic patterns allow the identification of major microevolutionary lineages among bear populations, and constitute the rationale for the choice of animals for restocking. The Cantabrian-Pyrenean bears constitute one phylogeographic complex of closely related popu lations. It comprises about 60-80 animals (Taberlet & Bouvet, 1992) subdivided into four isolated populations. This complex could be managed as a single metapopulation with possible artificial migration and gene flow among subpopulations (Allendorf & Servheen, 1986) . The Apennine brown bears constitute a second phylogeographic unit, with unique mtDNA characters. It is probably a viable population, whose genetic integrity should be preserved. We suggest the enforcement of protection of the Apennine brown bears, avoiding restocking. The Alpine relict population is the remnant of a formerly continuous complex of populations ranging from the Alps to the Balkans. The Alpine-Croatian bears constitute a third phylogeographic unit, to which it may be possible to add populations belonging to other Balkanic regions (Slovenia, Bosnia Hercegovina) when available samples are analysed. Restocking the Alpine brown bears with animals from the Gorski Kotar (Croatia) population seems to be a genetically feasible choice, from the information so far available.
MtDNA sequencing allows the identification of the maternal lineages of bears of unknown origins, although the suitability of captive bears for restocking is questionable. Sequencing of PCR-amplified mtDNA has proved to be an efficient method of obtaining finegrained genetic data on brown bear populations. The possibility of amplifying DNA from hair roots or excrement collected in the field dramatically widens the range of application of molecular genetics to conservation biology.
